Recombination between viral and cellular genes can give rise to new strains of retroviruses. For example, Rous-associated virus 61 (RAV-61) is a recombinant between the Bryan high-titer strain of Rous sarcoma virus (RSV) and normal pheasant DNA. Nucleic acid hybridization techniques were used to study the genome of RAV-61 and another RAV with subgroup F specificity (RAV-F) obtained by passage of RSV-RAV-0 in cells from a ring-necked pheasant embryo. The nucleotide sequences acquired by these two independent isolates of RAV-F that were not shared with the parental virus comprised 20 to 25% of the RAV-F genomes and were indistinguishable by nucleic acid hybridization. (In addition, RAV-F genomes had another set of nucleotide sequences that were homologous to some pheasant nucleotide sequences and also were present in the parental viruses.) A specific complementary DNA, containing only nucleotide sequences complementary to those acquired by RAV-61 through recombination, was prepared. These nucleotide sequences were pheasant derived and were not present in the genomes of reticuloendotheliosis viruses, pheasant viruses, and avian leukosis-sarcoma viruses of subgroups A, B, C, D, and E. They were partially endogenous, however, to avian DNA other than pheasant. The fraction of these nucleotide sequences present in other avian DNAs generally paralleled the genetic relatedness of these avian species to pheasants. However, there was a high degree of homology between these pheasant nucleotide sequences and related nucleotide sequences in the DNA of normal chickens as indicated by the identical melting profiles of the respective hybrids.
Variation in the envelope properties of avian leukosis-sarcoma viruses can be generated by passage of avian leukosis-sarcoma viruses in pheasant cells. For example, Rous-associated virus 61 (RAV-61) and ring-necked pheasant virus appeared after passage of the Bryan hightiter strain of Rous sarcoma virus (RSV) in ringnecked pheasant cells (5, 6) . Since their envelope properties did not resemble those of previously known avian leukosis-sarcoma viruses, and ring-necked pheasant virus were classified in a new subgroup of avian leukosis-sarcoma viruses, subgroup F.
Temin and Kassner (19) studied the kinetics of appearance of subgroup F variants after passage of RSV-RAV-0 and induced leukosis viruses in pheasant cells. They found that these variants appeared at a frequency of about 1 in 2 x 107 infected cell-days.
Shoyab and Baluda (14, 15) reported that RAV-61 is a recombinant between RSV and normal pheasant DNA. We have confirmed this finding and have shown, in addition, that another virus with subgroup F specificity, independently isolated after passage of RSV-RAV-0 in pheasant cells, is also a recombinant between the infecting virus and normal pheasant DNA.
Newly developed techniques exploiting deletion mutants enable specific complementary DNA (cDNA) probes corresponding to defined segments of the viral genome to be isolated (8, 16, 17) . We applied this methodology to the isolation of cDNA that contains specific nucleotide sequences complementary to those acquired by RAV-61 through recombination. Using this specific cDNA probe, we found that this set of nucleotide sequences, which provide RAV-61 with the information encoding subgroup F envelope properties, is pheasant derived and has no homology to the genome of avian leukosissarcoma viruses of subgroups A, B, C, D, and E, reticuloendotheliosis virus, and pheasant virus. These nucleotide sequences are partially endogenous, however, to DNA of avian species other than pheasant. (19) . Viruses were named after the pheasant embryo used (W8), stock number of infecting RSV-RAV-0 (no. 1), and passage number. Subgroup F avian leukosis viruses were grown in chicken cells.
Amherst pheasant virus (APV) was a kind gift of H. Hanafusa, Rockefeller University. Spleen necrosis virus (SNV) has been previously described (9) .
For biochemical studies, culture fluids were harvested every 24 h from cells producing virus and were stored at -100C. Viruses were concentrated and purified as previously described (4 (9) . cDNA had a specific activity of 6 x 107 dpm/pg (computed from the specifications of the labeled dTTP).
Nucleic acid hybridization. Reactions were carried out in either 0.4 M phosphate buffer (pH 6.8) containing 0.5% SDS or in 0.6 M NaCl containing 20 mM Tris-hydrochloride (pH 7.5), 2 mM EDTA, and 0.1% SDS. Exact conditions used and amounts of nucleic acids in reaction mixtures are specified in each legend. Reaction mixtures of 50-pd or smaller volumes were sealed in Yankee disposable micropipettes, and reaction mixtures of larger volumes were sealed in long-necked glass vials (Wheaton, Miliville, N.J.).
The extent of hybridization was analyzed either by digestion by heat-treated RNase A or by digestion with S1 nuclease as previously described (10) . S1 nuclease was purified from Takadiastase powder from Aspergillus oryzae by the method of Vogt (20) The second hybridization step was between cDNA recovered from the hybrid fraction of the first step and a large excess of RSV-RAV-0 RNA. Both the hybridized and the unhybridized cDNA fraction pools eluted from a hydroxyapatite column were subjected to the same treatment as the fractions pooled in the first step. The yield of RAV-61 cDNAw.&i& was 3 x 10i cpm from 7 x 106 cpm of RAV-61 cDNA.
RESULTS
Recombinant nature of RAVs with subgroup F specificity (RAV-F). Shoyab and Baluda have shown that RAV-61 RNA hybridizes with DNA from uninfected pheasant cells more extensively than does the RNA of other avian leukosis-sarcoma viruses (14) and that the portion of the 35S RNA of RAV-61 hybridized with uninfected pheasant cell DNA is not competed by a large excess of unlabeled RNA from other avian leukosis-sarcoma viruses (15) . From these results they concluded that RAV-61 is a recombinant between the exogenously infecting Bryan high-titer strain of RSV and pheasant cell DNA.
We have confirmed these results. RAV-61 [3H]RNA hybridized with excess DNA from uninfected pheasant cells more extensively than did RSV-RAV-0 [3H]RNA (Table 1) . RSV-RAV-0 RNA, when added in excess with respect to RAV-61 [3H]RNA, failed to compete 38% of this hybridization (Table 2) . These data confirm that RAV-61 has some pheasant-related nucleotide sequences that are not shared by RSV-RAV-0. This finding was extended to another RAV-F, named W8-1-lb, which was isolated after passage of RSV-RAV-0 in cells from a ringnecked pheasant embryo. Acquisition of additional pheasant-related nucleotide sequences by W8-1-lb was demonstrated both by the increase in the ratio of hybridization to pheasant DNA in relation to chicken DNA (0.89 compared with 0.33 in the case of RSV-RAV-0) ( Table 1) and by the fact that 39% of the amount of W8-1-lb
[3H]RNA that hybridized with pheasant DNA was not competed by excess RSV-RAV-0 RNA (Table 2) .
To determine what fraction of the RAV-F genome is not shared by the parental virus, competition hybridization experiments were performed similar to those described in (16) for the isolation of sarcoma cDNA and is described in Materials and Methods.
In the first preparation step, any highly reiterated cDNA transcripts that might have been present in the RAV-61 cDNA preparation were eliminated by hybridization of the cDNA with a fourfold molar excess of RNA from the same virus. The hybridization mixture was chromatographed on a hydroxyapatite column, and any cDNA that failed to hybridize was discarded ( Fig. 2A) .
In the second step, cDNA recovered from the hybrid fraction (eluted with 0.40 M phosphate buffer) of step 1 was hybridized with a large excess of RSV-RAV-O RNA and then fractionated on hydroxyapatite. cDNA recovered as hybrid should represent all nucleotide sequences that are common to RAV-61 and RSV-RAV-0.
They are referred to as RAV-61 cDNAco,... 4g9) was hybridized with 2 /g of RAV-61 RNA, as described in Materials and Methods, to a Crt value of 8.5 X 100 mol x s/liter. The hybridization mixture was diluted with 0.01 M sodium phosphate buffer containing 0.6 M NaCl and loaded onto a hydroxyapatite column (1.5 ml, packed volume) at 550C. The column was washed with the same buffer, followed by successive washings with 0.14 Mphosphate buffer and 0.40 Mphosphate buffer containing 0.6 M NaCl. Fractions (1 ml) were collected, and a sample of each fraction was assayed for acid-insoluble radioactivity. ( Step B) Fractions 6, 7, and 8 of step A (double stranded) were pooled and treated as described in Materials and Methods in order to recover the cDNA as single-stranded molecules. cDNA was then hybridized with 5.5 pg of RSV-RAV-0 RNA (to a Ct value of2 x 101 mol x b/liter) and fractionated on hydroxyapatite as described in step A. 21% of the radioactivity bound to the column was elated with 0.14 M phosphate buffer. On the other hand, the cDNA fraction that failed to hybridize should represent nucleotide sequences present in RAV-61 but absent in RSV-RAV-0, and therefore also absent in the parental virus of RAV-61, which is included in RAV-RAV-0.
As seen in Fig. 2B , 21% of the RAV-61 cDNA failed to hybridize with excess RSV-RAV-0 RNA. This value agrees with the amount of non-RSV-RAV-0 nucleotide sequences in the genome of RAV-61 indicated by the results presented in Fig. 1 The specificity of RAV-61 cDNA.fc was tested by hybridization with RNAs from RAV-61 and RSV-RAV-0 (Fig. 3, top) . Specificity of the cDNA was demonstrated by its inability to hybridize to RSV-RAV-0 RNA. In a parallel hybridization performed under otherwise identical conditions, RAV-61 cDNA.... hybridized almost equally well to both RAV-61 RNA and RSV-RAV-0 RNA (Fig.  3, bottom (17) .
RNA from SNV, a member of the reticuloendotheliosis virus species, failed to hybridize with both RAV-61 cDNAspecific and RAV-61 cDNAcommon. It did hybridize, however, with SNV cDNA (data not shown).
Also APV, a member of the pheasant virus species (7) (Fig. 4 (Fig. 4 [top] and Table 4 ). Hybridization with duck DNA was at the limit of delectability. The values given in Table 4 are the maximal extents of hybridization obtained,
showing that only a fraction of the pheasant nucleotide sequences acquired by RAV-61 (or nucleotide sequences related to them) are en- dogenous to chicken and quail DNAs. The kinetics of the reaction indicate that also in chicken cells this set of DNA sequences is present at the same low reiteration frequency as in pheasant DNA (Fig. 4, top) . RAVs with subgroup A specificity also appeared after passage of RSV-RAV-0 in cells from a ring-necked pheasant embryo (19) . The diluted with sodium phosphate buffer to a final concentration of 0.14 M and applied to three identical hydroxyapatite columns (3 ml, packed volume) in 0.14 Mphosphate buffer. The columns were connected in a row to a circulating water bath at 580C and washed with 10 ml ofphosphate buffer. Then the temperature was raised in 4 to 6MC increments. The columns were allowed to equilibrate at each temperature for 10 min, and the dissociated duplexes were elated with the same buffer. Fractions (5 ml) were assayed for acid-precipitable radioactivity. The amounts-of radioactivity bound at 580C and ultimately recovered for each column at higher temperatures were 5,640, 2,330, and 1,710 dpm forpheasant, chicken, and quail DNAs, respectively. in these viruses that are hybridizable to pheasant DNA and are not competed for by RSV-RAV-0 RNA. The subgroup A viruses tested (named W8-1-1, W8-1-2, and W8-1-4) did not hybridize with pheasant DNA to a greater extent than did RSV-RAV-0 (Table 1) . Furthermore, hybridization between the subgroup A viruses and pheasant DNA was competed completely by RSV-RAV-0 RNA ( (12, 13) .
RAV-61 and W8-1-lb are indistinguishable by nucleic acid hybridization, demonstrating that the same set of pheasant DNA sequences was acquired by both viruses passed in different pheasant embryos, possibly indicating a common integration site for the exogenously infecting virus in the heterologous species. RAV-61 and W8-1-lb differ, however, by several biological criteria such as degree of cytopathogenicity, antigenicity, and efficiency of plating on duck cells (19) . These differences may be attributed to differences in the pheasant embryos used to generate these two recombinant viruses. (It has been shown that the pheasant embryo is the major factor determining type-specific properties of these recombinant envelope variants [19] .)
The data presented in Tables 1 and 2 do not support the idea that RAVs of subgroup A, obtained by passage of RSV-RAV-0 in pheasant cells, acquired pheasant nucleotide sequences. However, the possibility of recombination of a small portion of the genome, undetectable by nucleic acid hybridization, has not been ruled out. Therefore, the origin of these subgroup A variants remains unclear.
The pheasant-acquired nucleotide sequences comprise 20 to 25% of the genome of both W8-1-lb and RAV-61. This size is sufficient to accommodate the entire envelope gene (21) . There is no evidence, however, that the pheasant-acquired nucleotide sequences provide envelope information exclusively.
Very little hybridization was detected between RAV-61 cDNA.
and RNA of uninfected pheasant cells (Table 3 ), indicating that high levels of expression of this particular DNA do not occur in pheasant cells in culture.
Part ofthe pheasant nucleotide sequences specific for RAV-61 (represented in RAV-61 cDNA.p.,fi,) are endogenous in other avian species. The amount of pheasant-acquired nucleotide sequences of RAV-61 in the DNA of other species is in accord with the genetic relatedness of these species to pheasant, as judged from studies of DNA reassociation kinetics (10) . This relationship is consistent with the hypothesis of evolution of retroviruses from normal cellular elements (18) .
The identical Tm values of duplexes formed between RAV-61 cDNAeeci and either pheasant DNA or chicken DNA indicate that this particular set of DNA sequences is highly conserved in those two species.
Pheasant-related nucleotide sequences are present also in the genomes of avian leukosissarcoma viruses of subgroups other than F, including RSV-RAV-0 (10, 11; Table 1 ). A distinction should be made, therefore, between the two sets of pheasant-related nucleotide sequences present in the genome of RAV-F: those shared also by RSV-RAV-0, and those that are specific for RAV-F. The latter comprise nucleotide sequences obtained from pheasant cells through recombination.
The pheasant-related nucleotide sequences of RSV-RAV-0 are, at least in part, preserved in the genome of RAV-F, since a cDNA probe made from RAV-61 RNA and selected to contain only sequences common to RAV-61 and RSV-RAV-0 is capable of hybridizing (36%) with DNA extracted from uninfected pheasant cells (Fig. 4, bottom) .
Assignment of the set of pheasant-related nucleotide sequences shared by RAV-61 and RSV-RAV-0 to any viral gene or genes is not possible at this time. Studies to establish the location of these two sets of pheasant-related sequences on the RAV-61 RNA are currently being done.
